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Abstract 

Four-hydroxynonenal (HNE) has been proposed as an important marker of radical-induced lipid 
peroxidation. The principal objective of this study was to assess the occurrence of lipid peroxidation 
in normal perinatal brain and brains with one form of pontosubicular neuronal necrosis (PSN). 
Immunochemical studies using an antibody against HNE-modified protein were performed in 
controls aged from 20 weeks of gestation to 64 years, and patients with PSN. Immunohistochemical 
study showed developmental and aging changes of positive staining in Purkinje cells and pontine 
neurons (27 weeks-7 months, 50 and 64 years). In addition, karyorrhectic cells in pontine nuclei 
with PSN were positively stained. Immunoblotting revealed that a 75-kDa protein, which is 
speculated to be mitochondrial complex-1 protein, was the most intensely expressed among multiple 
immunoreactive proteins. Our results identified the presence of oxidative stress in the perinatal 
neuron, and this oxidative stress may contribute to some forms of karyorrhectic death. © 2002 
Elsevier Science Ireland Ltd. All rights reserved. 
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1. Introduction 

Fetal brain damage, which often is associated with cerebral palsy, is well known to derive 
from the processes causing hypoxia-ischemia to the fetus. In addition to the ischemia-related 
cell injury a hypoxia episode may also leads to the delayed cell damage, which appears 
selectively in some organs such as brain, liver, and cardiac tissue. Neurons of the brain are 
sensitive to both transient anoxic injury and to the oxidative stress of reduced oxygen supply, 
which generates lipid peroxides contributing to the disruption of neurons [1,2]. Since the 
antioxidant enzymes are immature in fetal brain, both enrichment of polyunsaturated fatty 
acids and lipid peroxidation occurs easily in not only preterm, but also full term neonates 
[3,4]. Therefore an important mechanism suspected for hypoxic—ischemic damage in the 
brain of premature neonates is possibly due to the increased production of oxidant species [5]. 

Four-hydroxynonenal (HNE) is an a, (3-unsaturated aldehyde that is produced from the 
oxidation of membrane lipid polyunsaturated fatty acids. HNE easily reacts with various 
biological materials and form stable adducts, and it interferes the functions of biological 
substances. Therefore, HNE is considered to be cytotoxic under oxidative stress and to be 
the most reliable index of lipid peroxidation. In previous reports, we have described the 
preparation of polyclonal antibodies against HNE-modified proteins, which recognizes 
HNE-protein epitopes. It was used to detect HNE-protein adducts in tissue slices including 
nigral cells in Parkinson disease and trophoblast in preeclampsia [6-8]. 

Pontosubicular neuronal necrosis (PSN) is a distinct type of perinatal pathological brain 
lesion, which is characterized by neuronal karyorrhexis in the pontine nuclei and the 
subiculum [9,10], However, karyorrhexis is also noted in a more diffuse distribution, 
involving the Purkinje cell layer, lateral geniculate body, inferior olivaiy nucleus, and 
thalamus [11]. PSN is a brain lesion predominantly affecting premature infants and is most 
likely caused by a combination of anoxia, hypercapnia and hypoglycemia [12,13]. Tan et 
al. [14] demonstrated that sustained hypoxia—ischemia increases nuclear karyorrhexis in 
the premature fetal rabbit brain. 

In this study, we investigated the expression of HNE protein adducts in human fetal and 
adult brain tissue by immunochemical method and discussed the possible involvement of 
HNE in PSN. 


2. Materials and methods 

2.1. Clinical subjects 

From a review of autopsy brain bank at the National Institute of Neuroscience, we 
selected 23 adults, infants, and still birth fetuses with normal neuropathological finding 
except for mild subarachnoidal hemorrhage or brain edema as a normal group, and 20 
neonates and still birth fetuses as PSN group whose gestational ages ranged from 24 to 41 
weeks of gestation (GW). 

Neuropathological reports of macroscopic examination were reviewed and sections of 
frontal lobe, occipital lobe, cerebellum, mid brain, pons, and basal ganglia were evaluated 
microscopically. 
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For positive control in Western blotting a preeclamptic placenta was used, in which the 
expression of HNE-modified protein has been confirmed by immunohistochemistry in a 
previous study [6], 

The study was approved by the Institutional Ethic Committee at Nagoya University 
School of Medicine. 

2.2. Immunohistochemistry 

Brain tissues were fixed 10% formalin for 2—3 weeks, then embedded in paraffin, 
and were cut in 4-p.m sections. Sections were deparaffinized by xylene and ethanol. 
Endogenous peroxidase activity was quenched by -3% H 2 0 2 for 15 min at room 
temperature. The primary antibody was the HNE-protein adduct antiserum described 
above diluted by 10% normal goat serum. The sections were incubated with the primary 
antibody overnight at 4 °C. After three washes in PBS, the sections were incubated for 
30 min at room temperature with biotin labeled anti-rabbit IgG. After three washes in 
PBS, the sections were incubated for 10 min at room temperature with peroxidase- 
labeled streptoavidin and washed three times (Vectastain, Vector, Burlingame, CA). The 
immunoreaction was visualized using diaminobenzidine as the chromogenic substrate 
and counterstained with hematoxylin. 

Analysis by light microscopy was conducted by two neuropathologists. HNE- 
modified protein positive cells were classified into four groups of neurons: ( —), not 
stained; (± ), exceptional cells stained; (+), few cells stained; and (++), many cells 
stained. 

2.3. Western blotting 

Western blot analysis was performed by a standard method [15]. Specimens from the 
pons were obtained post mortem from a patient with PSN as well as two normal control 
subjects. Pons samples were washed in saline, frozen immediately in liquid nitrogen, and 
stored at — 80 °C until use. Mitochondrial fraction of preeclamptic placenta tissue were 
prepared described previously [6]. In brief, fresh placental tissue was obtained from the 
delivery of a 34 weeks infant with severe preeclampsia (systolic blood pressure above 180 
mm Hg together with general edema and proteinuria). Placental homogenate in 0.25 M 
sucrose, 3 roM Tris-HCl (pH 7.4), 0.1 mM EDTA was centrifuged at 700 X g for 10 min. 
The supernatant was centrifuged at 5000 X g for 10 min. The pellet was resuspended and 
centrifuged as above. The resulting pellet was used as the mitochondrial fraction. For the 
extraction of proteins, samples were thawed and homogenized in a 2% SDS loading buffer. 
After centrifugation, supernatants were collected, and protein assay was performed using 
the method of Bradford. Western blot analysis for the prepared sample (60 pg/lane) was 
performed by electrophoretic transfer to nitrocellulose sheets (Hybond-C Super, Amer- 
sham, England) after SDS/PAGE using a 10% polyacrylamide gel. After electrophoresis, 
proteins were electrotransfered to polyvinilidene-difluoride membrane (PVDF) (Bio-Rad 
Labs, Hercules, CA) with Bio-Rad Mini Trans-Blot apparatus. Nonspecific reactivity on 
the PVDF membranes was blocked with nonfat dry milk. After washing, the PVDF 
membranes were incubated with polyclonal antibody against HNE-protein adduct. Immu- 
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Fig. 1. Immunohistochemistry using anti HNE-protein polyclonal antibody was performed onbrains with PSN in 
infants due to neonatal asphyxia. Photomicrographs of the section of human pons, (a, b), hemisphere of cerebellum 
(c), and cerebral cortex (d). The reactivity was observed in the cytoplasma of pontine nulcei (a), karyorrhectic 
neurons (b Arrow) of pons and Purkinje cells in hemisphere of cerebellum (c). However, no reactivity was detected 
in cerebral cortex (d) as well as other region (data not shown). E is negative control of Pons in which incubated with 
non-inimune rabbit IgG instead of primary antibody. Scale Bar: (a, c, e) 20 |ttn; (b) 100 pm; (d) 40 [tm. 
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Fig, 1 ( continued ). 


noreactive proteins were stained using a chemiluminescence system (BCL, Amersham In¬ 
ternational, Buckinghamshire, England). 


3. Results 

3.1. Immunoh istock em is tty 

Fig. 1 shows typical immunolocalization of HNE-modified proteins in a subject with 
PSN who died at the second day of birth due to neonatal asphyxia. The immunoreactivity 
was observed in the cytoplasma of neurons in pontine nulcei (Fig. la), tegmentum, and 
karyorrhectic neuron (Fig. lb) of pons. Purkinje cells and their dendrites in the cortex of 
cerebellar hemisphere were also clearly stained (Fig. 1c). However, no immunoreactivity 
was detected in glial cells and cerebral cortical neurons (Fig. Id). Similarly, we underwent 
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immunohistochemical evaluation for the pons and cerebellum of 20 PSN subjects and 23 
normal subjects. 

In the cerebellum of normal controls, the immunoreactivity appeared from 27 GW to 7 
months of age, and reappeared 50 and 64 years (Table 1). In the pons, there was the same 
tendency as the cerebellum, although the first appearance of positivity was at 23 GW in the 
tegmentum and at 33 GW in the basis of the pons. On the other hand, similar reactivities 
were observed in the pons and cerebellum of PSN subjects as shown in Table 2. Except for 
very premature infants, Purkinje cells in the cerebellum and neurons in the pontine nuclei 
and tegmentum of the pons showed the positive reactivity ( ±, +, ++). The staining pattern 
was similar in the pons and cerebellum from normal subjects and from PSN subjects. 
Furthermore, in 15 of 20 cases, the immunoreactivity of HNE-modified protein was also 
observed in pontine karyorrhectic neurons. Karyorrhectic neurons were negative from the 
subjects at <27 GW and after 13 days of age. 

3.2. Western blotting 

Fig. 2 depicts Western blot analysis of HNE-modified proteins in human pons 
homogenates and the preeclamptic placental mitochondrial fraction. Except for the case 


Table 1 

HNE-protein expression in the infants without neuropathologieal findings 


No. 

Age 

Cerebellum 

Pons 


Purkinje cells 

Pontine nuclei 

Tegmentum 

1 

20 weeks 

— 

- — 

— 

2 

21 weeks 

- 

- 


3 

22 weeks 

- 

.... - 

- 

4 ' 

23 weeks 

— 

_- 

± 

5 

27 weeks 

+ 

— 

4 

6 

27 weeks 

± 

- 

4 . 

7 

33 weeks 

± 

+ 

4 

8 

33 weeks 

4 

4 

± . " 

9 

34 weeks 

4 + 

4 

4 

10 

35 weeks 

4 

4 

± 

11 

37 weeks 

4 

4 

4 

12 

39 weeks 

44 

4 

± 

13 

40 weeks 

4 

... + 

4 

14 

1 months 

4 

44 

4 

15 

3 months 

4 

+ 

4 

16 

7 months 

44 

4 + 

4 

17 

1 year and 4 months 

- 

- _ 

- 

18 

1 year and 7 months 

- 

- - 

- - ■■ ^ . 

19 

2 years 

- 

- - 

- . 

20 

11 years 

- 

- 

- 

21 

18 years 

- 

- 

- 

22 

50 years 

4 

44 

± 

23 

64 years 

4 

4 

+ 


Scores represent subjective assesments of numbers of stained ceils as follows: - : no staining observed; ± : 
exceptional cells stained; +: few cells stained; ++: many cells stained; ND: not done. 
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Table 2 

HNE-protein expression in the infants with PSN 

25 

No. 

Age 

(week) 

Age at death 
(days) 

Cerebellum 

Pons 


Purkinje 

cells 

Pontine 

nuclei 

Tegmentum 

Karyorrhectic 

neuron 

1 

24 

7 

- 


_ _ 

— 

2 

24 

30 

- 

- 

- . 

- 

3 

26 

13 

± 

- 

- 

- 

4 

27 

42 

± 

± 

+ 

+ 

5 

29 

2 

+ 

+ 

4- 

± 

6 

32 

1 

4- 

+ 

4- 

4-4- 

7 

32 

3 

+ 

4; 

4-4- 

± 

8 

35 

1 

4- 

+ 

4- 

+ 

9 

36 

0 

4-+ 

4* 

4- 

4- 

10 

36 

Still birth 

■+■ 

+ 

+ 

± 

11 

38 

0 

4-4- 

4* 

+ 

± 

12 

38 

2 

4- 4- 

± 

4- 

4* 

13 

38 

10 

4- 

4- 

4~ 

j- 

14 

38 

18 

4-4- 

4-4- 

4-4- 

— - 

15 

39 

1 

+ 

4- 

4- 

± 

16 

40 

1 

+ + 

4* 

4* 

4-4- 

17 

40 

2 

+ 

i 

+ 

- 

18 

40 

2 

4-4- 

+ 

4-4- 

± 

19 

41 

2 

4* 

+ 

+ 

4- 

20 

41 

Still birth 

++ 

± 

i 

4-4- 


Scores represent subjective assesments of numbers of stained cells as follows: — : no staining observed; ±: 
exceptional cells stained; 4-: tew cells stained; 4-4-: many cells stained; ND: not done. 


at 18 GW, multiple bands were detected, and these bands were more intensely stained in 
the homogenates with PSN, although no apparently differences in molecular weight of the 
bands was observed among each pons homogenate. The most intensely stained band at 
approximately 75-kDa corresponded to the single band recognized in the placental 
mitochondrial fraction obtained from preeclamptic patient. 


4. Discussion 

Our data showed that HNE-modified protein is normally expressed in neurons of the 
pons and cerebellum and it is also in the karyorrhectic neurons of infantile brains with PSN. 
Most normal pontine nuclei and Purkinje cells during perinatal and early infantile periods 
showed positive staining for HNE-modified proteias, suggesting that oxidative stress might 
be ubiquitous at these sited during these periods. It is possible that the presence of lipid 
peroxidation in normal neurons of the pons and cerebellum contribute oxidative stress to 
neurons which develops karyorrhexis in fetuses and neonates (Tables 1 and 2). 

The fetal brain is enriched with arachidonic acid and docosahexaenoic acid, both of 
which increase toward birth. It has a lower activity of cellular antioxidant and free radical 
scavengers. Therefore, some degree of hypoxia, possibly induced by the physiological 
stress of birth, may result in a significant increase of lipid peroxidation, with a concomitant 
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Fig. 2. Immunoblot analysis using HNE-protcin of brain homogenates from the patients without PSN (18 GW), 
with PSN (35 GW), without PSN (35 GW), without PSN (40 GW), and placenta! mitochondrial fraction with 
preeclampsia. The samples were prepared as described in Materials and Methods. Numbers refer to the molecular 
weight standards (x 10 -3 ). 

decrease in total antioxidant. Such lipid peroxidation has been described to occur in brain 
of human healthy neonates [4], Further investigations are necessary to determine whether 
HNE-modified protein is expressed in physiological conditions or not; however, our study 
confirms that HNE-modified protein is readily increased within pontine nuclei and 
cerebellum during perinatal and early infantile periods. 

Under reoxygenation following hypoxia, polyunsaturated fatty acids may exacerbate 
cellular damage in the premature brain. Or, a second stress or dying may induce HNE- 
modified protein. Our immunochemical studies using perinatal clinical subjects inevitably 
suffer from a lack of comparison with true normal matched control subjects. 

The etiology of PSN and the pathogenesis of karyorrhexis have not been completely 
elucidated; acute ischemia is considered to be an important underlying pathogenic factor. 
Fetal sustained hypoxic-ischemic stress induces both increased oxygen free-radical 
production and generation of lipid peroxides and results in an increased hippocampal 
nuclear karyorrhexis compared with controls [3,14], In addition, oxidative stress is one of the 
most important inducing factors of apoptosis, whereas ischemia-induced neuronal cell death 
has been primarily attributed to necrotic processes. Therefore, oxidative stress after acute 
ischemia may be associated with the occurrence of karyorrhexis in PSN. It has been shown 
that copper, zinc-superoxide dismutase (Cu Zn-SOD), which is an antioxidant enzyme 
involved in primary defense against free radical damages, is present in neonatal neurons of 
pons and cerebellum, and not cerebrum in brains with PSN at earlier stage of fetal brain injury 
[16]. The positive regions of Cu Zn-SOD at an early stage are those with HNE-modified 
protein. Interestingly, the immunoreactivity of superoxide dismutase was negative in the 
karyorrhectic neurons. Accordingly, kaiyorrhectic cell death with PSN may be considered as 
a result from oxidative stress without the induction of antioxidant defense system. 
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In this study, 5 of 20 clinical subjects from patients with PSN did not express HNE- 
modifred protein. A possible explanation of these negative results is that some karyor- 
rhexis also occurs without oxidative stress. We have discovered that the karyorrhexis is 
more widely distributed than those reported previously [11]. And our present results are 
consistent with the hypothesis that karyorrhexis may occur physiologically in the process 
of neuronal maturation besides resulting from acute ischemia. 

Our Western blotting data clearly showed that fetal brain homogenates with or without 
PSN have a few proteins bound to HNE. Among them the 75-kDa band of immunoblot- 
ting was the strongest immunoreactive protein. Previously we reported that a mitochon¬ 
drial protein apparently corresponding to the iron—sulfur protein of complex I (NADH) 
were expressed at the size of 75-kDa by the antibody against HNE-modified protein in 
preeclamptic placenta [6]. There is evidence that mitochondrial function and glutamate 
transport are compromised in neurodegenerative conditions that involve oxidative stress 
[17,18]. Indeed, Keller et al. [19] described that HNE binds and impairs glutamate 
transporter-1 (GLT-1) of synaptosomes, which express a broad band with maximum 
density at around 73-kDa on immunoblots. However, the regional localization of GLT-1 is 
restricted to astroglia [20,21], and the immunohistochemistry in this study shows that 
HNE-modified protein localizes to pontine neurons. Therefore, the strongest immunor¬ 
eactive 75-kDa protein is interpreted to be components of mitochondrial complex I. 

HNE is considered to be one of the most reliable markers of lipid peroxidation. 
Recently HNE antibody has been used to detect free-radical involvement in Parkinson 
disease [22], familial amyloidotic polyneuropathy [23], Alzheimer’s disease [24], and 
spinocerebeller degeneration [25]. As in this study, Purkinje cells in olivopontocerebeller 
atrophy patients were immunostained with HNE antibody, whereas the other neurons and 
glia cells in the cerebellum were not positively stained. These results suggested a 
significant increase in lipid peroxidation in Purkinje cells in olivopontocerebeller atrophy 
patients, and increased lipid peroxidation seemed to contribute to the degeneration of 
Purkinje cells in olivopontocerebeller atrophy. However, further investigation will be 
needed to clarify the significance of lipid peroxidation in Purkinje cells, which we have 
observed during perinatal and early infantile periods. 

In conclusion, we have confirmed that lipid peroxidation increases in the perinatal brain 
without any apparent neuropathological findings, but that it may be involved in the process 
of neuronal karyorrhexis in PSN. 
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